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ABSTRAa 


Considered  is  the  feasibility  of  generation  of  high  energy  pulses  directly 
by  electromechanical  power  conversion,  without  relying  on  intermediate  storage 
in  electrical  form.  Extremely  large  values  of  power  output  per  unit  volume  of 
the  machine  can  be  obtained,  within  the  ambit  of  present  day  technology,  when 
the  materials  are  pushed  to  the  limit  set  by  tensile  strength.  As  an  example, 
units  having  overall  dimensions  comparable  with  those  of  a  medium  sized  turbo  - 
generator  can  be  built  to  deliver  energies  up  to  10^^  Joules  in  one  second  and 
10®  Joules  in  a  few  milliseconds.  Guiding  principles  for  the  design  of  these 
generators  are  presented.  General  relations  governing  the  performance  of 
converters  employing  hot  plasmas  are  established. 
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ELEaROMECHANICAL  PULSERS 


1.  GENERAL  PRINOPLES 

12  3 

An  electromechanical  pulser  *  ’  is  a  device  designed  to  transfer  a  high 
energy  pulse  into  an  electrical  load  by  direct  electromechanical  power  conver¬ 
sion,  without  relying  on  intermediate  storage  stages.  This  is  in  contrast  with 
conventional  pulse  modulating  techniques  which  require  at  least  one  stage  of 
energy  storage  in  electrical  form,  with  consequent  increase  in  bulk  and  loss  in 
efficiency  and  reliability.  The  i^ysical  realization  of  an  electromechanical 
pulser  can  take  such  a  variety  of  forms  that  it  is  difficult,  at  fiirst,  to  evaluate 
their  relative  merits  and  ultimate  c^)abilitie8.  We  shall,  therefore,  start  here 
establishing  some  general  relations,  and  later  proceed  to  discuss  the  per¬ 
formance  characteristics  of  specific  pulsers. 

Of  interest  are  pulse  energies  up  to  10^^  Joules  and  pulse  widths  ranging 
from  one  millisecond  to  a  second.  For  an  appreciation  of  the  energies  involved 
we  tabulate  the  volume  required  for  storage  in  the  various  forms,  as  follows: 


Energy  form 

Chemic£  *Heat 

Kinetic 

Magnetic 

Electric 

Storage  element 

Fuel 

Latent  heat  of 
fusion  (steel) 

Flywheel 

Inductance 

Capacitor 

Volume  in  m^ 

1 

10 

10^ 

10^ 

10» 

The  corresponding  pulse  power  requirements,  when  evaluated  on  the  basis 
of  one  millisecond  pulse  width,  are  larger  by  at  least  three  orders  of  magnitude 
than  the  peak  power  developed  by  our  largest  rocket  engines.  Even  when  eval¬ 
uated  on  the  one-second  basis,  the  power  is  still  ten  times  larger  than  that  de¬ 
veloped  in  the  largest  turbogenerating  unit  contemplated  today.  The  state  of  the 
art  in  pulse  generation  is  such,  tiiat  only  the  latter  requirement  can  be  met  by 
stretching  the  ambit  of  the  most  modem  techniques.  Achievement  of  the  ulti¬ 
mate  goals  relies,  instead,  on  the  development  of  completely  new  schemes 
employing  a  technology,  that  of  highly  ionized  gaseous  plasmas,  which  at  the 
moment  is  only  in  its  infancy. 

In  evaluating  the  feasibility  of  pulse  generation,  the  most  important  single 
parameter  is  the  maximum  allowable  power  density,  that  is,  the  peak  power 
output  per  unit  volume  of  the  machine,  because  this  parameter  determines  the 
size  and  cost  of  the  machine.  We  can  derive  the  powei  density  in  an  electro¬ 
mechanical  power  converter  of  the  magnetic  type,  jtarting  from  Ohm's  law  for 
a  volume  element  of  dense  conducting  material; 

J 

-  =  E 
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where: 

=  electric  current  density 
£  =  electric  field  intensity 

y  -  electric  conductivity 

When  stated  in  this  form,  the  field  quantities  are  measured  in  a  frame  of 
reference  attached  to  the  conductor.  Since  electromechanical  power  conversion 
results  from  the  relative  motion  of  the  conductors,  it  is  expedient  to  choose,  for 
reference,  a  frame  \^ich  exhibits  such  motion.  When  the  conductor  is  seen  to 
be  moving  with  velocity  v’(v <  <  c),  with  respect  to  the  frame  where  the  electro¬ 
magnetic  field  measures  £'  and  B',  Ohm's  law  transforms  into: 


>L’ 

—  =  £'  +v'  X  B' 

- ,  ^ 

y 

which,  when  dotted  by  j|^,  yields  the  following  relation  between  the  specific 
powers  per  unit  volume: 


r.2 


—  =  I’  •  jL’  +  X,'  *  g’  •  jI’ 

y 


where  the  term  to  the  left  can  be  identified  as  the  dissipated  power  and  the  two 
terms  to  the  right  as  the  electric  and  converted  power  respectively,  so  that 

diss  el  conv 
In  the  generating  mode  of  operation: 


diss 


0;  P 


el 
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conv 
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P 

conv 


P 

conv 


=  rj  where  rj  Is  the  conversion  efficiency 


We  observe  that,  for  given  magnitude  of  v',  B',  and  the  converted  power 
is  maximized  \dien  these  vectors  form  a  perpendicular  term.  For  this  case, 
droi^lng  the  primes  and  expressing  J  in  terms  of  rj,  we  obtain  for  the  volume 
density  of  electric  output  power 

Pe,  - 
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In  the  case  of  solid  conductors  and  using  M.  K.  S.  units,  we  can  assume  v  =  200m/ 
sec  as  the  maximum  allowable  velocity.  This  value  actually  corresponds  to  the 
limit  imposed  by  centrifugal  forces  in  rotating  devices,  but  it  is  not  easily  ex¬ 
ceeded  in  devices  with  linear  motion.  If  we  choose  for  the  magnetic  flux  density 
the  value  corresponding  t  j  saturation  of  the  iron  core,  namely  B  =  2''^/m2  and 
for  the  efficiency  the  matching  condition  -q  =  1/2,  we  obtain  a  power  output  per 
unit  volume  of  copper  conductor  ( y  =  5  x  10?  mho/m) 

P  =  2  X  10^^  watt/m^ 
el 

This  already  remarkable  figure  could  be  further  improved  by  at  least  an  order 
of  magnitude  if  and  when  superconducting  magnets  will  be  developed,  which 
perform  satisfactorily  under  transient  conditions. 

In  the  case  of  fluid  conductors  we  can  choose  as  typical,  the  velocity  which 
is  attainable  with  chemical  propellants,  that  is,  10^  m/sec.  The  use  of  fluid 
conductors  in  conjunction  with  superconducting  magnets  will  bring  the  output 
power  density  to  a  maximum  of  10^'^  watt/ m^.  We  will  discuss  later  the  serious 
technological  problems,  which  still  remain  to  be  solved  before  highly  ionized 
gases  can  be  used  as  conductors  in  electromechanical  pulsers,  and  at  this  point 
we  shall  restrict  our  consideration  to  converters  employing  solid  copper  as 
active  conducting  material.  The  volume  power  density  allows  to  calculate  the 
volume  of  active  conductor  required  for  a  given  output  simply  as: 

\T  -  ^output 


With  solid  conductors,  however,  this  volume  does  not  provide  adequate  infor¬ 
mation  about  the  linear  dimensions  of  the  device.  In  fact,  thermal  and  mechan¬ 
ical  stresses,  combined  with  the  necessity  of  keeping  the  reluctance  of  the 
magnetic  path  as  low  as  possible,  dictate  the  requirement  that  the  active  con¬ 
ductor  be  given  the  shape  of  a  sheet  with  the  smallest  dimension  in  the  direction 
of  the  magnetic  flux  density  B.  Under  these  conditions  it  is  the  surface,  rather 
than  the  volume,  of  active  conductor  which  determines  the  size  of  the  machine 
and  it  is,  therefore,  convenient  to  introduce  another  specific  power  density;  the 
surface  power  density  defined  as; 


P 


s  -  el 


E  ♦  k  -  rjvBk 

^  ^  I 


where  k  is  the  surface  current  density  per  unit  length  in  the  direction  of  motion. 
This  power  density  actually  represents  the  flux  of  the  Poynting  vector  into  a  unit 
area  of  the  active  conductor. 


The  surface  current  density  is  limited  by  thermal  stresses  in  devices  de¬ 
signed  for  continuous  operation  or  long  pulses.  With  short  pulses  instead,  the 


lUnttlng  factor  is,  in  general,  the  mechanical  stress;  in  fact  the  product  Bk  is 
a  measare  of  the  shear  stress  on  the  conckictor.  Since  in  the  case  of  solid 

ct^iper  this  product  ediould  n<A  exceed  10®  we  obtain  for  tj  =4-,  and 

V  =  200  m/sec  a  maximum  allowable  surface  power  doisity  of  the  order  of: 

P  1-10  watt/m 
a -el 


For  a  given  power  output,  the  surface  of  active  conductor  at  the  gap,  where 
relative  motion  takes  place,  is  then  given  by 


S  = 


P 


s-ei 


As  we  siiall  see  the  overall  dimension  of  the  machine,  in  the  case  of  continuous 
output  or  long  pulses  are  directly  related  to  the  surface  of  active  conductor  thus 
obtained. 


1.  ENDLESS  HOMOPOUR  STRUaURES 

The  value  of  the  previous  relations  stems  from  their  generality,  since  they 
apply  to  all  kinds  of  electromechanical  converters  of  the  magnetic  type.  From 
this  point  on,  however,  in  order  to  proceed  further  in  this  feasibility  study,  we 
need  be  more  specific  about  the  structure  considered. 

We  start  with  the  most  symmetrical  structure,  the  endless  structure  with 
cylindrical  symmetry,  where  all  volume  elements  of  the  active  conductor  are 
exposed  in  their  motion  to  a  constant  value  of  field  intensity.  Our  interest  in 
this  structure  ensues  from  two  reasons:  first,  that  the  symmetry  of  the  geom¬ 
etry  leads  to  a  simple  analytical  formulation  and  is.  therefore,  of  great  help  in 
clarifying  some  of  the  problems  involved  in  pulse  generation;  secondly,  that 
when  the  pulse  duration  is  of  the  order  of  seconds  or  more,  the  endless  homo- 
polar  device  most  probably  provides  the  best  technical  solution.  We  consider 
the  structure  of  the  homopolar  type  schematically  shown  in  Fig.  1. 

Considering  that,  in  general,  two  such  units  are  connected  back  to  back 
along  the  axis,  the  surface  of  active  conductor  is 

S  =  4ir  r  £ 

g 

where  r  is  the  radius  at  the  gap  and  £  is  the  length  of  active  conductor. 
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FIELD  EXCITATION 


Figure  1.  Endless  Homopolar  Structure, 

Since  in  this  structure  S  also  represents  the  cross  section  of  the  magnetic 
flux-path,  continuity  of  this  cross  section  requires  that: 


So  that 


S 

8  ir 

The  overall  dimensions  oi  the  machine  are  likewise  related  to  S;  if  O.  D.  is  the 
outside  diameter. 


4-  O.  D.  ^  =  27r  =  S 

4  g 
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and  if  L  ia  the  oirermll  machtne  leogUi, 


Aa  a  reanlt.  the  ovendl  volume  of  the  machine  is: 


Volume  =  -^  O.  D.  ^  x  L  = 


2  .3/2 

\|7  ® 


IT,  *’«ut  3/2 


On  the  baaia  of  theae  consideratioca  the  volume  of  the  homopolar  machine 
capabte  of  generating  the  deaired  pulae  energy  in  (me  8e<mnd  would  be  lean  than 
Im^.  Although  the  (^imum  c<xidtti(ma  upon  wliich  theae  calculatUma  are  pre¬ 
dicted  may  not  be  attained,  the  volume  thua  obtained  is  (juite  reaacmable  and 
well  juatifiea  the  purautt  of  thia  investigation. 


An  obvious  reason  the  optimum  <mnditi(ma  cannot  be  attained  ia  that 
witii  such  hij^  energy  pulses  and  low  efficiency  the  thermal  stress  may  become 
the  limiting  factor.  This  is  clearly  the  case  here,  since,  for  the  assumed  50 
perce:^  (xmversicm  efficiency,  the  energy  dissipated  in  the  active  conductor 
e(iuala  the  pulse  energy  and,  as  indicated  before,  is  sufficient  to  melt  a  volume 
of  steel  four  times  larger  than  the  overall  volume  of  the  machine.  We  recall 
that  50  percent  is  the  value  of  efficiency  which  minimizes  the  volume  of  active 
conductors.  If  we  were  to  raise  the  efficiency,  for  example,  up  to  90  percient, 
the  volume  of  conductor  would  almost  triple.  This,  however,  would  not  neces¬ 
sarily  correspond  to  an  increase  in  the  overall  volume  of  the  nuudiine,  on  the 
cmntrary,  v/e  observe  that  the  specific  power  per  unit  surface  is  prc^rtional  to 
the  efficiency  so  that  the  increase  in  efficiency  would  have  only  a  beneficial 
effect  on  the  outside  dimensions  of  the  numhine. 


The  next  (juestion  is  how  we  obtain  a  pulse  out  of  a  machtne  which  intrin¬ 
sically  provides  only  a  (K)ntlnuous  output?  This  is  a  serious  problem,  but  not 
peculiar  to  the  homopolar  machtne.  Once  we  have  established  that,  with  solid 
conductors,  the  limiting  factor  in  pulse  generation  is  the  peak  power,  it  is 
apparent  that,  foi  a  given  pulse  energy  the  shortest  (hiration  of  the  pulse  is 
obtained  when  the  output  power  rises  and  decays  with  time,  in  a  step-like 
fashion.  As  a  consecpence  we  should  always  make  sure  that  the  time  constant 
of  the  system  is  a  small  fraction  of  the  pulse  length.  In  the  case  of  the  homo- 
polar  device  the  pulse  output  can  be  controlled  without  the  need  of  tampering 
with  the  output  circuit,  either  by  pulsing  the  velocity,  or  the  field  excitation 
cnirrent.  If  we  pulse  the  velocity,  while  maintaining  constant  the  field  excita¬ 
tion  (mrrent,  the  dominant  change  in  energy  storage  occurs  in  the  inertia  of  the 
moving  masses.  Again  it  is  sufficient  to  consider  only  a  volume  element  of 
active  conductor,  since  in  the  homopolar  device  they  are  all  equally  stressed. 
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Referring  ail  quantities  to  that  element,  Newton’s  law  can  be  formulated 
as: 


(l  +  £)py  =  JxB  +  f. 

where  p  is  the  mass  density  ol  active  conductor,  f^  isthe  external  force  on  a  per 
unit  volume  basis  and  (  is  the  ratio  of  external  inertia  to  the  inertia  (rf  the  active 
conductor. 

Combining  the  expressions  for  Newton  and  (Am's  law  and  taking  into  ac¬ 
count  the  perpendicular  orientation  of  the  relevant  vectors,  we  obtain  for  the 
mechanical  time  constant  of  the  system: 

T  =  -^  i  LU- 

m  ■  32  ^  1  -  , 


wb  3re-^  can  be  identified  as  the  Alfven  equivalent  dielectric  constant  of  the 
b2 

active  '^<Hiductor.  For  co|^r  with 


3 

p  =  8.  9  X  10  kg/m3 
7 

y  =  5. 10  mho/m 
S  =  10^ 

Tj  =  0.  9 
B  =2  Wb/ 


This  time  constant  is:  r  =  4. 5  x  10  sec.  and,  therefore,  is  barely  adequate 
for  pulses  of  one  second  duration.  Next  we  examine  the  possibility  of  pulsing 
the  field  excitation  current,  while  leaving  the  velocity  constant.  Under  these 
conditions  the  machine  behaves  like  an  amplifier  anri,  as  a  consequence,  we 
expect  the  time  constant  to  be  proportional  to  the  power  gain 


G 

P 


P 


output 


p 


excitation 


If  Lf,  Rf.  if,  Tf.  represent  respectively  the  inductance  resistance,  current  and 
time  constant  of  the  field  excitation  circuit,  then 


T,  = 


R, 


hi 


2  W 


mag 


excitation 


is  tlie  magnetic  energy  stored  in  the  gap.  tf  g  is  the  gap  length, 
this  energy  m: 


W  =  4-  /„  H  •  B  dV  =  4-  Sg  — 
iwg  2  V  2  /1 


Finalty,  introikicing  the  power  g.iin  Gp  and  expressing  the  power  output  as: 


=  Sp  =  SnvBk 
out  *^8-el  ' 


we  obtain: 


G 


g  1  B 


For  a  gain  ci  10^,  a  gap  length  of  m  and  the  assumed  values  of  the  other 
variables  the  time  constant  of  the  field  circuit  is  found  to  be: 


=  1. 7  X  sec. 

When  Urn  pulse  duration  is  of  the  order  of  one  second  this  time  constant  Is  quite 
adequate.  It  should,  however,  be  pointed  out  that  pulsing  the  field  requires  a 
special  instruction  of  the  magnetic  path  which  increases  the  cost  of  the 
machine.  Similar  calculations  show  that,  with  a  purely  resistive  load,  the  time 
constant  of  the  load  circuit  is  negligible. 

Once  the  lK)mopolar  machine  has  been  proved  to  be  capable  of  delivering  the 
required  pulse  energy  and  power,  it  remains  only  to  determine  whether  its  out¬ 
put  voltage  is  satisfactory.  Since  the  homopolar  machine  offers  only  very 
limited  flexibility  with  respect  to  impedance  matching,  we  can  only  hope  that  the 
impedance  of  the  load  can  be  designed  to  mat.h.  In  the  machine  considered,  the 
ou^xit  voltage  would  be  of  the  order  of  100  volt.  The  prospective  of  the  ex¬ 
tremely  large  cmtput  current  which  ensues  is  not  very  encouraging.  Alternative 
solutions,  however,  are  not  easily  foreseen.  The  heteropolar  machine  with 
rectified  output,  which  is  the  conventional  D-C  machine,  can  indeed  produce  a 
higher  voltage,  by  about  one  order  of  magnitude.  However,  such  increase  in 
voltage  has  to  be  balanced  against  more  than  a  tenfold  reduction  in  the  arc  em¬ 
braced  by  the  current  carrying  brushes  and  against  the  more  than  tenfold  in¬ 
crease  in  the  size  of  the  machine  caused  by  commutation  difficulties.  There 


K 


exists  an  interesting  possibility  for  raising  the  outyut  voltage  and  in  effect  the 
output  power  of  a  homopolar  machine.  As  proposed  by  A.  K.  Das  Gupta,'^  the 
external  cylindrical  conductor  which  provides  a  return  path  for  the  load  current 
and  screens  the  iron  from  the  induced  magnetic  field  could  be  made  to  rotate  in 
the  opposite  direction  than  the  inner  conductor.  Althou^  this  type  of  construc¬ 
tion  would  introduce  serious  mechanical  problems  and  increase  the  volume  of 
magnetic  energy  stored  and,  therefore,  the  time  constant  of  the  system,  its 
feasibility  is  well  worthwhile  investigating. 

Evaluation  of  the  time  constants  vdiich  determine  the  rise  and  decay  time  of 
the  pulse  has  shown  that  the  endless  structure  does  not  lend  itself  to  generaticm 
of  pulses  whose  duration  is  much  less  than  one  second.  In  view  of  this  limita¬ 
tion  and  because  of  our  great  interest  in  shorter  pulses  we  shall  consider  next 
the  bounded  structure,  which  is  best  suited  for  pulses  of  a  few  milliseconds  or 
less. 


3.  BOUNDED  STRUCTURES  WITH  SHIELDS)  FISD  EXCITATION 

Bounded  structures  are  those  in  which  the  active  conductor  in  its  motion  is 
exposed  to  the  electromagnetic  field  over  a  bounded  region  only.  As  a  conse¬ 
quence  the  motion  induced  electric  field  and  currents  are  time  variant  and 
means  have  to  be  provided  in  order  to  avoid  feedback  from  the  pulsed  output 
into  the  field  excitation  coil.  We  consider  a  structure  in  which  imidirectional 
coupling,  from  the  D-C  to  the  A-C  side  only,  is  ensured  by  interposing  between 
the  excitation  and  the  load  circuits  a  sheet  of  highly  conducting  material.  This 
shield  effectively  freezes  in  time  the  desired  intensity  aixl  profile  of  the  exciting 
magnetic  field  distribution.  Moreover,  in  terms  of  lumped  parameters,  we 
find  that  the  effective  Inductance  of  the  load  circuit  is  drastically  reduced  as  a 
result  of  the  image  currents  induced  in  the  field. 
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Figure  2.  Bounded  Structure  with  Shielded  Field  Excitation. 
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In  such  a  structure,  the  volume  and  surfoce  of  the  active  conductor  are 
still  directly  determined  by  the  ou^Mt  potvar,  according  to  the  general  relations 
established  in  the  fii'st  section.  The  overall  dimensions  of  the  device,  however, 
are  more  influenced  by  the  geometry  of  the  pulse  in  time  than  the  output 
power.  In  fact,  by  virti^  of  the  Galilean  transformation  between  coordinate 
systems  in  relative  motion 

x’  =  X  ±  vt 

the  geometry  of  the  structure,  in  the  direction  of  motion  x,  is  determined  by  the 
specified  geometry  of  the  electrical  output  in  time.  In  particular,  the  extent  of 
the  field  r^rion  Wp  is  related  to  the  duration  of  the  pulse  Tp  as: 


Clearly,  if  we  want  Uj  keep  the  power  density  and  therefore  the  velocity  as  high 
as  possible,  and  since  it  is  reasonable  to  assume  that  the  field  region  can  only 
span  a  length  of  the  order  of  one  meter  per  pole,  the  pulse  duration  Tp  cannot 
exceed  5  x  10“^  sec. 

We  conclude  that  the  maximum  pulse  eneigy,  per  unit  stirface  of  active 
conductor  ^ich  such  a  pulser  can  handle  is: 

w  =  P  ,  T  =  10^  Joule/m^  . 
el  8-el  p 

In  other  words,  the  bounded  structure  is  limited  in  the  pulse  energy  it  can 
deliver.  Also,  unless  ihe  load  circuit  is  provided  with  special  switching  arrange¬ 
ments,  the  bounded  structure  delivers  bi-directional  pulses  at  a  rigidly  prede¬ 
termined  schedule.  The  great  advantage  of  the  bounded  structures  derives  from 
the  fact  that  the  active  conductor  can  be  wound  to  form  coils  and  therefore  im¬ 
pedance  matching  of  the  electrical  output  presents  no  problem.  Moreover,  the 
flux  distribution  can  easily  be  shaped  to  meet,  within  close  tolerance,  the  most 
stringent  specifications  regarding  the  pulse  geometry  and  in  particular  the  flat¬ 
ness  of  the  pulse  top.  The  question  of  pulse  8hapi%,  rise  and  decay  times  have 
been  the  object  of  intensive  study  within  our  group.®  The  major  factors  involved 
are  the  sharpness  in  definition  of  the  magnetic  field  region,  the  width  of  the 
active  coiKiuctor  w^  and  the  time  constant  of  the  output  circuit.  The  sharpness 
of  the  field  boundary  is  a  function  of  the  reluctance  at  the  edge  of  the  magnetic 
flux  path  across  the  gap.  Here  saturation  effects  and  snapping  <'*  lines  of 
force,  due  to  the  variable  reluctance,  tend  to  counteract  each  other,  so  that,  for 
the  purpose  of  this  feasibility  study,  it  is  adequate  to  assume  that  the  magnetic 
flux  density  in  the  gap  rises  and  decays  in  a  step-like  fashion.  Under  these 
conditions,  the  elementary  strands  of  the  active  conductor,  which  spread  over 
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the  width  w^,  enter  and  leave  a  well  defined  field  region  in  succession  and  over 
a  time: 

T  =  V  w  . 
r  c 


Whether  the  elementary  strands  are  connected  in  series,  or  transposed 
along  the  slot  in  order  to  avoid  eddy  currents,  the  result  is  that  the  motion  in¬ 
duced  voltage  cannot  rise  or  decay  faster  than  the  time  .  As  a  consequence, 
there  exist .  an  ui^r  bound  for  the  allowable  width  of  the  active  conductor: 

T 

r 

w  =  -  =  a  w 

c  V  p 

T 

r 

where  a  =  is  the  ratio  of  rise  time  to  pulse  width. 

P 

The  time  constant  of  the  load  circuit  can  be  easily  calculated  since,  as  it 
turns  out^«  ^  in  large  pulsers  with  purely  resistive  load,  most  of  the  magnetic 
energy  is  stored  in  the  active  conductor  itself.  If  R^,  ij^  represent 
respectively  inductance,  resistance  and  current  of  the  load  circuit  calculated 
on  a  one  turn  basis,  then 


R, 


2  W 


mag 


converted 


2f  H  •  B  d  V 
^converted 


If  we  account  for  the  fact  that  the  conductor  is  imbedded  in  a  material  of  much 
higher  permeability,  the  magnetic  field  within  the  conductor  is  directed  as  v 
and  its  intensity  can  be  expressed  as: 


where  a  is  the  slot  depth  and  y  the  distance  from  the  bottom  of  the  slot. 


Performing  the  integration  and  introducing 


P  ^  = - ^  =  w  a2£(l-rj)yV^B^ 

converted  t]  c  '  ’ 
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we  obtain: 


2  2  * 

3(l-7^yv  B 

We  observe  tiiat  the  time  constant  is  an  extremely  sensitive  function  of  the 
efficiency,  as  it  shmild,  since  the  volume  of  the  conductor  and  therefore  the 
magnetic  energy  increase  n^idly  with  the  efficiency.  For  the  <^imum  condi¬ 
tions  of  power  output  determined  in  the  first  section: 

T  =  2.  6  X  10  sec. 

and  it  is  quite  adequate  for  the  5  millisecond  pulse.  We  are  now  in  a  position  to 
determine  the  overall  dimensions  of  the  machine  for  a  given  power  output  or,  in 
this  case,  establish  the  maximum  power  and  energy  output  that  can  be  obtaii^ 
from  a  single  unit.  The  value  for  Indicates  that  the  time  constant  of  the  load 
circuit  is  not  the  limiting  factor  in  the  design  of  the  pulser  for  maximum  possible 
energy  ou^t 

The  prevailing  situation  is  therefore  quite  different  from  the  one  which  has 
been  treated  in  detail  by  Pande.^  For  a  five  millisecond  pulse  and  a  rise  time  of 
5  X  10*^  sec.  the  width  of  the  conductor  is  of  the  order  of  10"^  m.  Assuming  a 
single  pole  pair  and  a  length  of  active  conductor  I  =  4m,  the  maximtun  output 
energy  would  be  ai^roximately  80  megajoules.  Althoui^  this  energy  falls  short 
of  the  objective  by  two  orders  of  magnitude  it  is  apparent  that  the  electro¬ 
mechanical  pulser  with  screened  excitation  does  still  out -perform  a  capacitor 
bank  by  as  much  as  four  orders  of  magnitude.  Moreover,  we  must  realize  that 
all  these  considerations  were  based  on  the  output  of  a  single  coil.  The  utilization 
of  the  machine  volume  could  be  considerably  improved  and  the  output  energy 
increased,  if  a  number  of  colls  were  placed  side  by  side  and  the  output  switched 
from  one  coil  to  another.  Althou^  in  general  realization  of  such  a  scheme  must 
wait  for  a  satisfactory  solution  of  the  commutation  problem,  which  for  the  time 
being  is  not  in  sight,  it  is  not  excluded  that  particular  types  of  load  could  be  so 
energized. 


4.  PARAMETRIC  GENBtATION 

The  rigid  tie  between  the  spatial  distribution  of  the  Impressed  magnetic  flux, 
and  the  geometry  of  the  pulse  in  time  imposes  a  lower,  as  well  as  an  upper  limit, 
on  the  pulse  width  which  is  obtainable  with  shielded  structures.  At  high  power 
this  lower  limit  is  of  the  order  of  10“^  sec.  To  overcome  this  limitation  one  can 
remove  the  shield,  which  freezes  the  impressed  flux  distribution,  and  allow  full 
reciprocal  coupling  between  the  two  electrical  circuits  in  relative  motion.  Since, 
as  we  shall  see.  the  resulting  converter  is  of  interest  as  a  pulser  only  when  the 
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conductors  are  in  fluid  state,  we  deliberately  refrain  from  considering  a  specific 
structure  but  we  base  our  study  on  general  energy  considerations.  The  par¬ 
ametric  ccmverter  of  the  magnetic  type  exploits  the  conservation  law  for  flux 
interlinkage  in  order  to  bring  about  an  exchange  between  the  magnetic  energy 
stored  in  a  conservative  system  and  mechanical  work.  For  simplicity  sake  we 
assume  that  the  system  can  be  described  in  terms  of  lumped  parameters  by  a 
single  loop  carrying  the  current  i^  and  storing  in  the  lumped  inductance  L^,  the 
magnetic  energy: 


If  the  geometry  of  the  system  is  subsequently  deformed,  so  that  the  represent¬ 
ative  inductance  is  brought  to  a  new  value  Lj^,  the  current  attains  the  value 

L  i 
o  o 

L. 

1 


I 


Figure  3.  Lumped  Parameter  Representation  of  Conservative 

Parametric  Converter. 


and  the  magnetic  energy  attains  the  value 


W  =  4"  ^1  4 

1  2  11  o  L. 


The  change  in  stored  energy 


W  -  W 
1  o 


W 

o 
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then  represents  the  mechanical  work  done  in  deforming  the  system.  Two  im¬ 
portant  conclusions  can  already  be  drawn  from  these  relations.  One  is  that  the 
linear  dimension  of  aiQr  converter  based  on  these  principles  must  be  large.  In 
fact,  for  economic  operation  we  want  the  pulse  energy  and,  therefore,  the 
mechanical  work  to  be  much  larger  than  the  excitation  energy,  that  is: 


The  inductance  therefore  must  undergo  a  variation  of  the  order  of  the  energy 
gain.  For  gains  of  10^  or  more  this  can  be  realized,  only  if  initially  the  dimen¬ 
sions  of  the  system  exceed  a  few  meters.  The  second  conclusion  is  that  since 
the  current  rises  in  a  hyperbolic  fashion,  the  output  is  sharply  peaked  and  for  a 
given  maximum  allowable  peak  power  the  pulse  eneriR^y  is  i  ’ich  lower  than  in  the 
pulsers  previously  discussed.  It  follows  that  parametric  generation  in  this 
form  is  of  interest  only  lA^en  the  tensile  strength  does  not  represent  a  limiting 
factor,  namely  when  the  conductors  are  allowed  to  reach  the  fluid  state.  On  the 
other  hand,  because  of  their  independence  from  rigid  geometrical  structures, 
these  pulse  generation  schemes  are  probably  the  only  one  ai^licable  to  fluid 
conductors  and  indeed  they  have  been  successfully  employed  in  the  impulsive 
generation  of  hi^  magnetic  fields. 

So  far,  we  have  considered  only  one  of  the  aspects  of  the  problem:  the 
electromechanical  energy  conversion.  In  our  terms  of  reference  a  pulser  must 
also  be  capable  of  transfc  rring  this  energy  into  a  load.  To  symbolize  this  non¬ 
conservative  process  we  modify  the  circuit  by  introducing  a  load  resistance 

Rl- 
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Figure  4.  Lumped  Parameter  Representation  of 
Parametric  Pulser. 
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The  current  now  satisfies  the  equation: 


i(t) 


L  i 
o  o 

L 


(1 


dt ) 


L 

where  t  =  — .  By  expressing  the  current  as  a  product  of  two  terms  in 

L 

this  form,  we  put  in  evidence  the  two  competing  processing:  the  collapse  of  the 
inductance  L  which  tends  to  increase  the  current,  and  the  rate  of  diffusion  of 
the  flux  interlinkage  which  tends  to  reduce  it.  For  a  given  electromechanical 
system,  the  value  of  Rl  determines  whether  or  not  the  current  increases.  It 
follows  that  for  pulse  generation  the  value  of  tl  must  be  sufficiently  large  and 
this  again  requires  large  physical  dimensions  for  the  converter.  An  indicative 
figure  is  obtained  in  the  limiting  case  when  L  vanishes.  It  has  been  found^’  ^ 
that  despite  the  dissipative  process  the  current  tends  to  increase  without  bound 
when: 


where  T  is  the  time  required  for  the  inductance  to  collapse.  In  a  one  dimen¬ 
sional  structure  this  relation  corresponds  to  the  condition: 

(1  -  ,)  >  1 


where 

R  =  a  vV  £ 
m  o' 

is  the  magnetic  Reynold  number  and  f  is  the  thickness  of  the  active  conductor 
in  the  direction  of  v.  This  again  proves  that  the  performance  of  these  devices 
relies  on  high  values  for  the  velocity  which  is  representative  of  the  deformation 
of  the  circuit,  and  high  values  for  the  conductivity  of  the  medium.  The  latter 
requirement  limits  our  interest  to  those  fluids  whose  conductivity  is  comparable 
with,  or  higher  than,  that  of  copper,  namely,  plasmas  in  the  million  degree 
range  of  temperature.  Clearly  under  these  conditions  the  major  problem  is 
that  of  coupling  into  the  load  and  the  technical  solution  will  be  strongly  depend¬ 
ent  on  the  type  of  load.  In  general,  the  following  three  types  of  coupling  can  be 
foreseen: 

1)  Galvanic  coupling  pre-supposes  that,  initially  at  least,  part  of  the 
circuit  consist  of  solid  conductors  and  that  the  major  part  of  the  pulse 
energy  be  translerrt^d  to  the  load  before  disruptive  instabilities 
develop. 


^  Indnctive  coapltng  requires  extremely  Urge  beertiig  surftces  to 
diatribate  the  stresses. 

3)  Rsdistive  coupling  implies  conversion  d  the  pulse  energy  within  the 
pUsms  into  hifi^  frequoscy  radiation  a^ich  is  cohermxt  and  beamed. 

Despite  the  difficulties  involved,  the  extent  of  the  research  effort  presently 
oriented  towards  these  goals  gives  some  hope  that  the  required  technology  will 
be  devel(H>ed  in  a  not  so  distant  future. 


5.  CONCLUDING  REMARKS 

S  has  been  shown  tluu  it  is  quite  feasible,  within  the  realm  of  present  day 
technology,  to  generate  by  electromechanical  power  conversion,  pulse  energies 
of  the  order  of  10^0  joules  and  transfer  it  to  a  load  in  times  of  the  order  of 
one  second.  The  endless  homq;x>lar  structure  is  the  best  suited  to  generate 
these  relatively  loi%  pulses.  The  rate  of  energy  conversion  being  the  limiting 
factor  it  seems  unlikely  that  the  delivery  time  could  be  reduced  by  more  than 
one  order  of  magnitude.  For  pulse  widths  of  the  order  of  milliseconds,  the 
bounded  structure  with  shielded  field  excitation  can  be  used  advantageously  to 
generate,  within  close  tolerances,  pulses  of  a  specified  geometry  in  time. 

The  maximum  pulse  energy  that  such  a  unit  can  generate  is  of  the  order  of  80 
megajoules.  Power  generat*  n  at  higher  levels  must  wait  for  the  development 
at  the  technology  of  plasmas  in  the  thermonuclear  range  of  temperature.  The 
major  problem  then,  would  be  that  of  coupling  into  the  load. 
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